Recent molecular-beam experiments have probed the dynamics of the Rydberg-atom reaction, H͑n͒ +D 2 → HD+D͑n͒ at low collision energies. It was discovered that the rotationally resolved product distribution was remarkably similar to a much more limited data set obtained at a single scattering angle for the ion-molecule reaction H + +D 2 → D + + HD. The equivalence of these two problems would be consistent with the Fermi-independent-collider model ͑electron acting as a spectator͒ and would provide an important new avenue for the study of ion-molecule reactions. In this work, we employ a classical trajectory calculation on the ion-molecule reaction to facilitate a more extensive comparison between the two systems. The trajectory simulations tend to confirm the equivalence of the ion+ molecule dynamics to that for the Rydberg-atom+ molecule system. The theory reproduces the close relationship of the two experimental observations made previously. However, some differences between the Rydberg-atom experiments and the trajectory simulations are seen when comparisons are made to a broader data set. In particular, the angular distribution of the differential cross section exhibits more asymmetry in the experiment than in the theory. The potential breakdown of the classical model is discussed. The role of the "spectator" Rydberg electron is addressed and several crucial issues for future theoretical work are brought out.
electron+ target and ion-core+ target scattering events were treated independently in the overall collision of RA with atoms or molecules. Fermi's independent-collider model has proven successful in interpreting the results for a number of experiments involving RA collisions, and has served as the starting point for a variety of theoretical models. 3, [5] [6] [7] [8] Most studies of RA+ molecule collisions thus far have focused on processes that are dominantly mediated through electron + target component of the scattering, such as near resonant electronic-to-rotational energy transfer or collision-induced ionization. 3, [9] [10] [11] There have been relatively few studies that probe events sensitive to the ion-core+ molecule scattering event, 5, 6 and even fewer that were carried out at a fully state resolved level. Recently, however, Strazisar et al. 12 have studied the vibration excitation of N 2 and O 2 molecules in collisions with high-n H-RA which was dominated by the ion-core+ molecule scattering event.
Of interest here are chemically reactive RA+ molecule collisions occurring at relatively low collision energies, E C Ͻ 1.5 eV. In the present work we investigate the chemical reaction H͑n͒ + D 2 ͑ = 0, j = 0͒ → HD͑Ј, jЈ͒ + D͑nЈ͒, ͑1͒
where n͑nЈ͒ denote the initial ͑final͒ principal quantum number of the Rydberg electron while ͑j͒ are the vibration and rotational quantum numbers. Chemical reactions have been observed previously in RA+ molecule scattering, e.g., K͑np͒ +CCl 4 → K + + ClCl 3 +C − , 13 and are often initiated by an electron transfer event that forms an intermediate anion.
Here, since the D 2 − species does not exist, we expect reaction ͑1͒ to occur through the direct interaction of the H + ion core with the D 2 species. Thus, the simplest view of this reaction consistent with Fermi's independent-collider model is that of an ion-molecule reaction,
where the Rydberg electron merely acts as a spectator during the course of the collision. The focus of the present work is the quantitative connection between the two collision processes, ͑1͒ and ͑2͒. If the Rydberg electron were truly an inessential spectator to the reaction dynamics, then we might expect a relationship between the differential cross sections ͑DCSs͒ of the form 
͑3͒
where ͑Ј͒ and j͑jЈ͒ denote the initial ͑final͒ vibrational and rotational quantum numbers. If, in fact, Eq. ͑3͒ is found to be quantitatively accurate, the practical implications would be significant. This would imply that the ion+ molecule reactive scattering process could be studied by considering the analog RA collision. The potential connection between such pairs of problems has been noted before, e.g., by Pratt et al. 14 who investigated the H 2 ͑n͒ +H 2 system. Ion-molecule reactions are difficult to study accurately in a molecular-beam experiment since the space-charge repulsion of the ion beam reduces signal and leads to loss of energy resolution. On the other hand, intense beams of ͑neutral͒ RA can be produced with well-defined collision energies using now wellestablished technology. 15, 16 In a recent report, we have presented the results of an experimental study of reaction ͑1͒ carried out using a crossed molecular-beam apparatus. 17 The state-resolved DCS was measured at two collision energies. It was noted that the rotational product distribution obtained was consistent with earlier results for the ion-molecule reaction H + +D 2 that were measured at one scattering angle. 18 Here, we investigate the connection between the experimental H͑n͒ +D 2 reactive scattering results and a theoretical representation of the ionmolecule reaction H + +D 2 . The experiment has provided a fully state-resolved differential cross section, and thus a scattering calculation is required for the H + +D 2 system. While converged numerical quantum scattering calculations have been accomplished for a number of neutral A + BC reactions, ion-molecule reactions present a severe challenge. Longranged potential interactions and the generic existence of deep binding wells have thus far restricted accurate quantum calculations to single partial-wave scattering, i.e., zero impact parameter. 19 Recently, however, Last et al. 20 and Panda and Sathyamurthy et al. 21 have accomplished approximate quantum calculations on H + +H 2 and He + +H 2 , respectively. Thus, we adopt the quasiclassical trajectory ͑QCT͒ methodology to model the system. While quantum effects will surely play a role in the detailed state and angle distributions of the reaction, the QCT approach has been widely tested and has often been found to yield reasonably good agreement with full quantum scattering calculations, when the latter are available. In fact, various isotopic variations of reaction ͑1͒ have been previously studied using QCT on the early versions of the potential-energy surface ͑PES͒. 22, 23 However, it is necessary here to perform further QCT calculations to mimic the detailed experimental conditions and to make use of a more accurate PES that is now available. 24 The role of the "spectator" Rydberg electron in perturbing the ion-molecule scattering process is obviously an important issue determining the potential validity of Eq. ͑3͒. In the QCT calculations here, the Rydberg electron is simply ignored and the results are directly compared to the experimental results for RA+ molecule system. However, we can make very elementary estimates of the influence of the electron using classical approximations. As we shall see, it is likely that many of the mechanisms that couple the electron to the nuclear scattering event are small. However, it remains for further work to rigorously decide this issue.
The paper is organized in the following way. In Sec. II, the QCT calculations and the PES are described. Since the methodology of QCT simulations is well known, this discussion is quite brief. In Sec. III, the results of the QCT simulation for the ion-molecule reaction are presented. In Sec. IV, we present a comparison of the theoretical simulations to the available experimental observations. It is concluded that the results are generally consistent with the ion-molecule interpretation of the RA-molecule reaction. However, some dif-ferences exist that remain to be explained. In Sec. V the potential influence of the Rydberg electron on the outcome of the experiment is considered. The analysis is limited to simple classical estimates but serves to identify important issues for further theoretical research. Section VI presents a summary of the results and the concluding remarks.
II. CLASSICAL TRAJECTORY SIMULATIONS
In this section, we describe the methods used to carry out the QCT simulations of the H + +D 2 → HD+D + reaction. For reference, in Table I we provide the energetic thresholds ͑including zero-point energy͒ for a number of the possible final channels of the collision. Since the collision energies considered in this study are below 1.5 eV, only the inelastic ͑H + +D 2 ͑ЈjЈ͒͒ and rearrangement ͑D + +HD͒ final channels are open. At low collision energies, we neglect any nonadiabatic coupling in the ion-molecule reaction and the simulations were carried out on a representation of the ground-state potential-energy surface. Kamisaka et al. 24 recently produced a modified diatomics-in-molecules potential-energy surface ͑DIM-PES͒ that has incorporated ab initio data through a modification of the original DIM prescription. This KBNN-PES exhibits no barrier to reaction along the T-shaped reaction path, and has a well depth of 4.5 eV at the equilibrium geometry of the HD 2 + species ͑an equilateral triangle͒. In Fig.  1 , we plot a contour diagram of the KBNN-PES at T-shaped geometries as a function of R ͑the distance between H + and the center of mass of D 2 ͒ and r ͑the bond length of D 2 ͒.
The methodology of quasiclassical trajectory simulations for atom-diatom reactions is well known 25, 26 and does not require a detailed review. Briefly, the trajectories were propagated using a simple Runge-Kutta integration scheme employing a fixed time step size of 3.5 a.u. This was sufficient to ensure energy conservation of better than five significant figures. The initial conditions were selected to model the H + +D 2 ͑0,0͒ state using the simplest WKB prescription. Specifically, the vibrational action of D 2 , computed from the exact potential, was constrained to be h / 2 and the initial diatomic rotational angular momentum was taken to be zero. The initial separation, R͑H + -D 2 ͒ was set to be 25a 0 and the trajectories were propagated until the final product separation again reached 25a 0 . Because of complex formation, the propagation time required was generally quite long ͑several picoseconds͒. Each collision energy was modeled using 100 000 trajectories that randomly sampled the vibrationalrotational phases and the impact parameter. The final quantum state of the product diatom was determined in two distinct ways. First, the state distribution was determined using conventional histogram binning of the final vibrational action and diatomic angular momentum. In the second approach, the final state was selected using the Gaussian weighting procedure described by Bonnet and Rayez 27 and Banares et al. 28 For the differential cross sections, smooth angular distributions were obtained by fitting the distribution of scattering angle to an expansion in Legendre polynomials. The calculations were carried out at 14 collision energies in the range E C = 0.124-1.424 eV for this system. The main focus is on the case E C = 0.524 eV where the experimental results have been fully analyzed. For this case, 500 000 trajectories were used.
Typical reactive trajectories were found to proceed through a long-lived intermediate complex. To estimate the collisional lifetime, , from the total trajectory propagation time, T, we subtract the free asymptotic propagation times to obtain
III. RESULTS OF QCT SIMULATION
The excitation function R ͑E C ͒, i.e., the integral cross section summed over all final product states of the reaction versus the translational collision energy E C , provides a measure of the total reactivity of the collision. The R ͑E C ͒ for H + +D 2 ͑ =0, j =0͒ → HD+D + is presented in Fig. 2 for the energy range 0.124-1.424 eV. We can see that the excitation function on the KBNN-PES decreases monotonically with the increasing collision energy within the energy range considered. An examination of the reactive classical trajectories reveals that the reaction proceeds through a capture process where the orbits pass the centrifugal barrier into a long-lived collision complex region. If the reactive cross section is decomposed into a capture cross section and a statistical transmission coefficient into the product channels, R = C , a Langevin model can be easily constructed based on the KBNN-PES along the reaction path. Using a constant value for , we see in Fig. 2 that a fair model of the R ͑E C ͒ is obtained using elementary ideas.
The energy disposal of the reaction is likewise consistent with a statistical view of the breakup of an ion-molecule complex. In Fig. 3 , the product translational energy ͑E T ͒ distribution, P͑E T ͒ = d / dE T , is exhibited for four collision energies. The distributions show a broad peak at low E T followed by a decline at higher E T as the internal product state density decreases.
The total differential cross section ͑DCS͒ ͑final-state summed͒ at four different collision energies, 0.224, 0.524, 1.024 and 1.424 eV, are displayed in Fig. 4 . We define the c.m. scattering angle, , to be the angle between the outgoing vector of the D + product and the incident vector of the diatomic molecule D 2 . The QCT results show forwardbackward peaking of the distribution that is roughly symmetrical. This is entirely consistent with the notion that the reaction proceeds through a complex that survives longer than the mean rotational period. The forward-backward peaking become more pronounced at low collision energies indicating a trend toward longer complex lifetimes as energy decreases.
The final-state-resolved DCSs for H + +D 2 ͑ =0, j =0͒ → HD͑Ј , jЈ͒ +D + are plotted versus ͑ , jЈ͒ in Fig. 5 at E C = 0.124, 0.224, 0.524, and 1.024 eV. At the lowest two energies, only the Ј = 0 vibrational channel is open. At the higher two energies, the Ј = 1 state is allowed but the Ј = 1 results are shown only at the highest energy since for 0.524 eV the Ј = 1 production is very small. The results depicted in the figure make use of the Gaussian binning procedure for the final-state determination. It is seen that each final state exhibits the forward/backward peaking that was observed for the total DCS. The DCS generally varies smoothly as a function of jЈ although some fluctuations become more pronounced at higher energy. Much of this fluctuation is due to the decrease in reactivity at higher energy and, thus, the degradation in the statistical sampling. We suspect that these distributions will smooth out if more trajectories are used. For the Ј = 0 case, the jЈ distributions exhibit a single broad peak near jЈ =3-5. The Ј = 1 products, on the other hand, are clearly more rotationally hot. The finer details of the results are found to depend somewhat on the specifics of the final-state binning procedure but the overall behavior of the cross sections are not overly sensitive. Finally, it was possible to carry out a lifetime analysis of the complex forming trajectories that may prove useful in future work. In Fig. 6͑a͒ , we show a typical distribution of collision lifetimes obtained from Eq. ͑4͒ for the full ensemble of reactive trajectories computed at E C = 0.524 eV. The linear distribution on the log-linear plot is a clear evidence for an exponential lifetime distribution that is expected from simple statistical theories. 29 The lifetime obtained at this energy was found to be 1.928 ps. Of course, the lifetimes are expected to depend on the angular momentum ͑J͒ of the complex since this quantity affects the height of the centrifugal barrier in the exit channel. In Fig. 6͑b͒ , we show the lifetime distributions obtained for various values of the impact parameter ͑and hence of J͒. Each distribution is exponential, although the lifetimes grow significantly with increasing J. The total lifetime for the full scattering problem is naturally dominated by the higher J contribution. The complex lifetimes also grow as the collision energy decreases. In Fig. 7 , the J = 0 lifetime is seen to increase significantly as the threshold is approached in agreement with conventional ideas of unimolecular decay.
IV. COMPARISON TO EXPERIMENTAL RESULTS
The central focus of the present study is the comparison of the QCT model for the ion-molecule reaction to the experimental results. First, we consider the direct comparison to the H + +D 2 scattering results obtained using an ion-beam experiment. 18, 17 At a collision energy of 0.52 eV, the timeof-flight product spectrum was measured at a laboratory scattering angle of 5°. The spectrum was then numerically fitted to a final product state distribution for HD͑ЈjЈ͒. Up to an overall scaling factor, this measurement reflects the stateresolved DCS at the c.m. scattering angles in the range of 10°-25°. While the Ј = 1 channel is open at this energy, vibrationally excited products were not detected, which is consistent with the very low Ј = 1 DCS obtained in the QCT calculations. The HD͑Ј =0, jЈ͒ rotational product distribution obtained is shown in Fig. 8 . Superimposed on the plot is The data available 17 for the RA reaction, H͑n͒ +D 2 ͑0,0͒ → D͑nЈ͒ +HD͑ЈjЈ͒, are more extensive than for the direct ion-molecule reaction. It was possible to measure the rovibrational-state-resolved DCS at a large number of scattering angles using a H͑n͒ beam with n = 45 and an extremely cold o-D 2 -molecule beam, hence D 2 ͑ =0, j =0͒. The final electronic quantum numbers, however, were not measured. As we have discussed in a previous report, 17 the results of the RA reaction are in good agreement with the single ion-beam measurement. In Fig. 9 , the time-of-flight . The broadened spectrum is the TOF distribution ͑expressed as product translational energy in wavenumbers͒ measured for the H͑n͒ +D 2 → D͑n͒ +HD͑ =0, jЈ͒ reaction at the laboratory angle of 5°at E C = 0.524 eV. The stick spectrum is the fitted distribution obtained for H + +D 2 → D + +HD͑ =0, jЈ͒ reaction at the laboratory scattering angle of 5°at E C = 0.524 eV. The peak denoted by * for the RA spectrum is contaminated by the inelastic H͑n͒ +D 2 → H͑nЈ͒ +D 2 ͑Ј =0, jЈ =10͒ channel. The peak with ϩ is assigned to the H͑nЈ͒ +D 2 ͑Ј =0, jЈ =11͒ channel. spectra for the two experiments are shown together. ͑The ion-beam results are shown with a stick spectrum.͒ The inferred rotational product distributions are quite similar, with the exception of the starred peak corresponding to the D͑nЈ͒ +HD͑0,4͒ product state. As we have discussed previously, it is likely that this peak is too high because the timeof-flight ͑TOF͒ spectrum is contaminated by a contribution from the H͑n͒ +D 2 ͑0,0͒ → H͑n͒ +D 2 ͑Ј =0, jЈ =10͒ state that occurs at the same position. When inelastic scattering contribution is subtracted from the intensity for this peak, as illustrated in Fig. 8 , the jЈ distribution for the RA experiment becomes remarkably similar to the ion-beam experiment.
In Fig. 10 , the total ͑state summed͒ reactive DCS at 0.524 eV obtained from the RA experiment is plotted versus the c.m. scattering angle. Also shown is the QCT prediction interpolated to the experimental scattering angles. Qualitatively, the distributions are similar. However, it is apparent that the experimental DCS is somewhat more asymmetrical ͑forward versus backward͒ than the QCT prediction. It is possible that a fully quantum treatment of the dynamics may assuage this discrepancy, however, our view is that this is unlikely. In Fig. 11͑a͒ , the experimental final-state-resolved DCSs are plotted versus for jЈ =0-6 at E C = 0.524 eV. Each state exhibits forward-backward peaking but also exhibits some fluctuations versus the scattering angle. We expect that the magnitude of those fluctuations provides a sense of experimental error bars. The QCT results, plotted in Fig.  11͑b͒ , are again similar to the experimental results. The jЈ ordering of the magnitude of the QCT-DCS is roughly the same as the experiment as is the independence of that ordering from the scattering angle.
While the QCT results are not perfect, it is clear that agreement with the experiment is reasonably good. Given the expected errors in the PES and the neglect of quantum effects in the scattering calculations, we conclude that the simulations tend to confirm the view that the RA reaction proceeds through an ion-molecule collision consistent with the Fermi independent-collider model.
V. THE ROLE OF THE RYDBERG ELECTRON
The potential influence of the "spectator" Rydberg electron on the reaction dynamics is an important practical issue for the interpretation of the experimental results as well as a fascinating problem in theoretical dynamics. An in-depth treatment of the nonadiabatic dynamics is beyond the scope of the present work, but nevertheless we can make some remarks on this problem based on elementary models.
In the simplest view of the collision, the Rydberg state of the electron is totally unaffected by the collision and reaction is electronically adiabatic,
Since the initial and final Rydberg energies are nearly equal in this case, the TOF spectra obtained can be solely assigned to the final rovibrational states of the product molecule. In the more general nonadiabatic case, H͑n͒ + D 2 ͑ = 0, j = 0͒ → HD͑Ј, jЈ͒ + D͑nЈ͒, n nЈ ͑nonadiabatic͒, electronic energy transfer can shift or broaden the rovibration TOF spectrum. At n = 45, the Rydberg level spacing is 0.2 meV while the ionization energy is only 5 meV. By comparison, the thermal beam spread in molecular-beam collision energy is about 11 meV which is the main underlying 11 . The final-state-specific DCS angular distribution for a number of HD͑Ј =0, jЈ͒ product states at E C = 0.524 eV. In ͑a͒, the experimental results for the reaction H͑n͒ +D 2 =D͑n͒ +HD͑Ј =0, jЈ͒, while in ͑b͒ is the QCT results for the reaction H + +D 2 =D + + HD. The contamination of the jЈ = 4 experimental result due to the overlapping inelastic channel has been corrected through a numerical estimation of the size of the two contributions.
source of the peak width in the TOF spectrum, such as shown in Fig. 9 . Thus, unless ⌬n of the collision is extremely large, the electronic energy transfer should have little influence on the measured TOF peak positions or widths. The absence of any noticeable peak shifts or significant increase in the peak widths for the RA+ molecule reaction compared to the ground-state reaction, H͑n =0͒ +D 2 , measured using the same apparatus previously, 30, 31 provides direct experimental evidence that ⌬n is, in fact, not particularly large.
While the extent of inelastic electronic energy transfer is apparently not too large, it does not necessarily follow that the collision dynamics is unaffected by the Rydberg-electron nor that Eq. ͑3͒ must hold. A variety of scenarios is consistent with the experimental results. For example, if the initial ͑final͒ diatom should undergo a secondary collision with the Rydberg electron in addition to the primary ion-core scattering, near-resonant energy transfer with the rotational diatomic states could occur which would modify Eq. ͑3͒. Freeelectron scattering models have previously been introduced to estimate the collision cross sections for such rotationally inelastic processes. Based on those models, the cross sections for rotationally inelastic scattering should be on the order of 10-50 Å 2 . 32 On the hand, the electron "target" is distributed on a sphere of radius r n ϳ 2000 Å. The ratio of the cross section to the area of the sphere provides a crude estimate of the probability for a reactive ͑i.e., ion-core͒ collision to undergo a secondary collision. Clearly the resulting ratio of Ͻ0.001 suggests that two such collision processes are unimportant.
A much more subtle issue concerns electronically nonadiabatic processes that may affect the product detection in the experiment. The DCS is measured by the field ionization of the RA arriving at the microchannel plate ͑MCP͒ detector. Should the RA ionize or decay to a low n-level before arrival at the detector, it simply will not be measured. The RA must survive on the order of tens of microsecond to complete the time-of-flight experiment. It is well known that the lifetime of the RA is extremely sensitive to the l-quantum number and scales roughly as n 3 l 2 for high-lying states. 33, 34 Indeed, Schneider et al. 15 found it necessary to use external fields in the generation of RA to guarantee sufficiently large l, and thus long enough lifetimes, to complete the experiment ͑our experiments rely on the same techniques 16 ͒. Thus, we must consider whether the reactive collision will induce ionization or transitions to low-l states that spontaneously emit.
While a sophisticated treatment of the electronically nonadiabatic dynamics ͑using, e.g., quantum defect theory 35 ͒ is beyond our scope, we can make some elementary observations based on our classical model. The direct ionization rate of the Rydberg electron can be viewed as the sum of two contributions. First, there is the impulsive change in the velocity of the positive charge carrier due to the kinematics of the collision. A simple estimate of the final RA energy using classical mechanics is
where ⌬p is the momentum transfer of the positive charge in the original rest frame of the RA and a distribution of E f is obtained by sampling over the Bohr orbit. Since Eq. ͑5͒ depends on the scattering angle, this ionization probability could attenuate the observed signal as a function of . As shown in Fig. 12 , the results of Eq. ͑5͒ for E f Ͼ 0 under the most severe conditions of the present experiments show a maximal effect of less than 2%. While not negligible, the influence is probably below the experimental error bars. The second source of ionization is vibrational autoionization of the long-lived collision complex. Since the ionization probability ͑P I ͒ is expected to follow the relation P I = w, where w is the ionization probability per unit time and is the lifetime, longer-lived complexes are naturally expected to suffer more autoionization. The autoionization is due to the coupling of the electron motion to the oscillating field produced by the vibration motions in the HD 2 + complex. The ionization rate of the Rydberg atoms in oscillating external fields has been extensively studied, largely as a problem in quantum chaos. Based on the dramatic fall off of the ionization rate with increasing frequency and weak time-dependent coupling of the ionic core to the distant electron, we conjecture that the autoionization rate may be low except for extremely long-lived complexes. 36 Finally, we note that collision-induced l → lЈ͑l Ͼ lЈ͒ transitions may attenuate the measured signal due to the increased rate of spontaneous emission of low-lying lЈ levels of the RA. Again using the simple classical impulse approximation, we estimate that the change in angular momentum of the electron might be quite large, ͉⌬p ϫ r͉. Since ͉⌬p͉ ϳ 0.01 a.u. and ͉r͉ϳ2000 a.u. the lЈ levels of the RA could potentially be completely mixed 37 and the signal attenuated by the statistical fraction of rapidly emitting states ͑perhaps 10%͒. Of course the net result of this process upon the measured DCS depends on the difference of emission rates when varying the scattering angle and final state since the overall scaling of the signal is arbitrary. Obviously, a more detailed treatment of this intricate dynamics and the subsequent emission kinetics is required before any conclusions can be reached. 
VI. CONCLUSIONS
We have studied the H͑n͒ +D 2 → HD+D͑nЈ͒ chemical reaction using a simple theoretical model. Our motivation was the outcome of a recent experimental study that discovered that the collision dynamics of H͑n͒ +D 2 → HD+D͑nЈ͒ was remarkably similar to those observed for the ionmolecule reaction H + +D 2 → HD+D͑nЈ͒. However, the comparison of the two systems was limited in that only a single scattering angle had been measured for the ion-molecule reaction. Therefore, we carried out QCT calculations on the ion-molecule reaction to facilitate a more complete comparison to the RA reaction. Should it be found that RA + molecule and ion+ molecule were, in fact, equivalent it would prove to of great practical significance for the highresolution study of ion-molecule reactions.
The results of the QCT calculations were completely consistent with the usual expectations for simple ionmolecule reactions. The reaction was found to proceed through a long-lived collision complex that decays exponentially in time. The lifetime was sufficiently long to yield a roughly symmetrical forward-backward peaking product distribution. The final rotational product distribution was smooth and unimodal ͑when the trajectory statistics was sufficient͒. The details of the implementation of the initial/finalstate semiclassical quantization conditions had a relatively small effect on the results, although as noted earlier the use of Gaussian binning of the product states gives somewhat better agreement with the experiment.
The comparison of the QCT results to the experimental measurements for H͑n͒ +D 2 → HD+D͑nЈ͒ seems to generally support the proposition that the reaction proceeds through the ion-molecule mechanism. The product rotational state distributions were found to be well reproduced by QCT. Furthermore, these state distributions were roughly independent of scattering angle ͑aside from some fluctuations in the experimental DCS͒ for both theory and experiment. The angular product distributions exhibited characteristic forwardbackward peaking in both the experiment and QCT simulations. The most significant difference between theory and experiment was the appearance of a higher level of forwardbackward asymmetry of the DCS in the experimental measurement. This disagreement needs to be addressed in future work since forward-backward symmetry is a generic feature of reactions proceeding through long-lived intermediates. Full quantum scattering calculations on the ion-molecule reaction will undoubtedly soon be possible for this system, and the potential influence of quantum effects will then be determined.
Finally, we considered the potential influence of the Rydberg electron on the underlying ion-core+ molecule scattering. Based on simple order-of-magnitude estimates, it was concluded to be unlikely that the electron could significantly modify the nuclear dynamics. The absence of broadening of experimental TOF spectral peaks provided direct evidence for this conclusion. However, we identified the issue of experimental signal attenuation as a key point for the practical validity of Eq. ͑3͒, i.e., the equivalence of the ion + molecule and RA+ molecule DCS. Should the Rydberg electron ionize or emit during the course of the RA experiment, then the measured signal may be affected in a stateand angle-dependent fashion. If this occurs, then sophisticated "instrument functions" would be required to make use of Eq. ͑3͒. Clearly, this matter requires further theoretical work.
As a final note, after the completion of this work we have become aware of the newly published work by Wrede et al. 38 that also experimentally investigates the reaction of Rydberg atoms in a molecular-beam experiment. We encourage interested readers to see Ref. 38 .
